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(57) ABSTRACT

A voltage regulator 1s described for microelectronic devices
using dual edge pulse width modulated control signal. In one
example a first digital duty cycle value 1s recerved from a
voltage controller and a pulse width modulated wavetform 1s
generated 1in response to the first duty cycle value, the
wavelorm comprising a plurality of pulses with a modulated
width. The wavelform 1s applied to a voltage generator to
generate a supply of power at a voltage determined by the
duty cycle of the wavelorm. A second digital duty cycle
value 1s recerved from the controller, and the leading edge of
a subsequent pulse of the waveform 1s advanced 1if the
second digital duty cycle value 1s greater than the first digital
duty cycle. The trailing edge of the subsequent pulse of the
wavetorm 1s advanced 11 the second digital duty cycle value
1s less than the first digital duty cycle value
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FIG. 7

Duty Cycle Increase
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FIG. 8

Duty Cycle Decrease
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Duty Cycle Increase

FIG. 10
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FIG; 11

Duty Cycle Decrease
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VOLTAGE REGULATOR FOR
MICROELECTRONIC DEVICES USING DUAL
EDGE PULSE WIDTH MODULATED CONTROL
SIGNAL

FIELD

[0001] The present description relates to the field of volt-
age regulation for microelectronic devices using digital
pulse width modulation and 1n particular for independently
modulation the timing of a leading and a trailing edge of a
pulse 1n a pulse width modulated waveform.

BACKGROUND

[0002] Integrated circuits and microelectronic devices use
external power supplies to provide the right amount of
current and at the proper voltage to drive all of the compo-
nents that may be inside the device. As the number of
components 1side a device increases, the amount of power
needed increases as well. In addition, as the components
iside become smaller, lower voltages are required. This
means that the amount of current must be increased to
deliver the same amount or more power.

[0003] The power delivered to the device generates heat.
In order to get the highest performance, the device should
have all of the power that 1t needs, but no extra power since
the extra power 1s converted into unnecessary heat that
slows down or may damage the device. High-speed micro-
processors, for example, may require a great amount of
power, and therefore current, when operating at maximum
load. However, the current requirements may change 1n a
small number of clock cycles from very low, when the
processor 1s at 1dle to very high when the processor 1s at full
load. Quickly changing the power requirements becomes
more valuable as different power saving modes are used as

[0004] Integrated circuits are typically powered from one
or more DC supply voltages provided by external supplies
and converters, such as a high-efliciency, programmable
DC-to-DC (switch-mode) power converter, for example a
buck converter, located near the IC package. A buck regu-
lator uses a DC put voltage, e.g. 48 V and provides a DC
output, e.g. 2 V. A pulse-width modulation (PWM) control-
ler, drives one or more power transistors, to switch current
into filter and decoupling capacitors, and one or more large
inductors or transformers. The width of the PWM signal
determines the amount of voltage that 1s sent to the IC. The
power 1s provided through pins, leads, lands, or bumps on
the integrated circuit package. The more quickly and pre-
cisely the power can be controlled, the more power can be
sately delivered, the faster the device will operate, and the
less power 1t will consume 1n 1dle or low-power states.

[0005] The width of the pulses may be changed by modi-
tying the leading edge of the pulse (leading edge modula-
tion, LEM), modulating the trailing edge of the pulse
(trailing edge modulation TEM), or by modifying both the
leading edge and the trailing edge of the pulse (dual edge
modulation DEM). In some embodiments modulating the
leading edge may have a much weaker eflect than an
equivalent modulation of the trailing edge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Embodiments of the present invention will be
understood more fully from the detailed description given
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below and from the accompanying drawings of various
embodiments of the invention. The drawings, however,
should not be taken to be limiting, but are for explanation
and understanding only.

[0007] FIG. 1 1s a voltage regulator and integrated con-
troller for supplying regulated power to an IC according to
an embodiment of the invention;

[0008] FIG. 2 i1s a waveform diagram of amplitude versus
time showing an analog compensation value applied to a
sawtooth wavelorm for trailing edge pulse width modula-
tion;

[10009] FIG. 3 is a waveform diagram of amplitude versus
time showing an analog compensation value applied to a
sawtooth wavelorm for leading edge pulse width modula-
tion;

[0010] FIG. 4 is a waveform diagram of amplitude versus
time showing an analog compensation value applied to a
sawtooth wavetform for dual edge pulse width modulation;

[0011] FIG. 5 is a diagram of a digital pulse width modu-
lator according to an embodiment of the mvention;

[0012] FIG. 6 1s a diagram of a second digital pulse width
modulator according to another embodiment of the mven-
tion;

10013] FIG. 7 is a waveform diagram of amplitude versus
time showing pulse width modulation 1n response to a duty
cycle command change that advances the leading edge of a
pulse according to an embodiment of the mvention;

[0014] FIG. 8 is a waveform diagram of amplitude versus
time showing pulse width modulation 1n response to a duty
cycle command change that advances the trailing edge of a
pulse according to an embodiment of the invention;

[0015] FIG. 9 is a diagram of a third digital pulse width
modulator according to a third embodiment of the invention;

[0016] FIG. 10 1s a waveform diagram of amplitude versus
time showing pulse width modulation 1n response to a duty
cycle command change that advances the leading edge and
delays the trailing edge of a pulse according to an embodi-
ment of the invention;

[0017] FIG. 11 is a waveform diagram of amplitude versus
time showing pulse width modulation 1n response to a duty
cycle command change that advances the trailing edge of a
pulse according to an embodiment of the mvention; and

[0018] FIG. 12 is a block diagram of a computer system
suitable for use with voltage regulator and integrated con-
troller of FIG. 1 and other described hardware.

DETAILED DESCRIPTION

[0019] Dual edge modulation may be used in a synchro-
nous buck voltage regulator to improve AC (alternating
current) transient response significantly. AC transient
response may be defined as the difference between the
maximum and minimum voltage when the voltage regulator
experiences a maximum step in load current. Independent
gain settings for the leading and trailing edges may be used
to provide a further improved transient response, resulting in
an increased safe operating voltage and increased device
speed by more precisely controlling the delivered voltage.
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10020] FIG. 1 shows an example of a power supply, also
referred to as a voltage regulator module or a voltage
regulator suitable for use with embodiments of the present
invention. The power supply may operate using leading edge
modulation (LEM), trailing edge modulation (TEM), or dual
edge modulation (DEM) as a pulse width modulated control
signal. The voltage regulator has a controller 10 that may be
integrated on the IC die or provided as separate component.

[0021] An array of voltage generator phases or power
converters 18-1, 18-2, 18 1n this case numbered as n phases
cach generate a portion of the current needed to achieve a
desired voltage V_ .. 19 and the outputs are combined into
the output voltage 11. These are 1dentified as diflerent phases
because they are normally producing a voltage at different
points 1n time, however, they may all be active or iactive at
the same time. In FIG. 1, there are three phases, however the
number of phases 1s not essential to the present mmvention
and one or more phases may be used. The particular number
ol phases may be adapted to suit a particular application.

10022] The integrated controller includes a voltage sensor
12, a digital compensator 14, and a dual edge digital pulse
width modulator 16. The voltage sensor measures the volt-
age from the phases. In one embodiment, the voltage sensor
may be a single detector and analog to digital converter to
sense the voltage on the IC at one point at which 1t 1s
supplied to the IC. In another embodiment, there may be
multiple sensors distributed about the surface of the die and
the multiple readings are logically combined to derive a
single digital voltage measurement output 13-2.

10023] The voltage sensor may also receive other infor-
mation (not shown) that 1t may use to adjust the voltage
measurement output 13-2. For example 11 the die gets too
hot, the voltage sensor may indicate that the voltage 1s
higher than the measured voltage. This may induce the
voltage to be lowered and cool the die. The block may
receive any number of other mputs to adjust the output
voltage or power from the voltage regulator. Alternatively,
these other parameters may be handled in a related or
different circuit or component.

10024] The output of the sensor 13-2 1s provided to the
digital compensator 14, together with a reference signal
13-1. The digital compensator performs multiply and accu-
mulate operations using the inputs to generate a voltage
demand output signal 15 that 1s provided to the modulator
16. The digital compensator 14 eflectively compares the
measured voltage value to a reference or target value 13-1
and produces the duty cycle value 15. The digital compen-
sator may be a complex microprocessor, a simple logic or
application-specific circuit, an input/output hub or a group
of such devices. The target voltage may retlect the power
needs or anticipated power needs of the IC or portion of the
IC for which the signal 1s generated. The target voltage may
also 1ncorporate other parameters such as temperature,
anticipated power needs, calibration factors, timer inputs,
and any of a variety of other parameters. Using these two
inputs, the sensor generates a duty cycle value output 15 that
indicates the amount of voltage that the device requires.

10025] The duty cycle value 15 is applied to the digital
pulse width modulator 16. The duty cycle value 1s used by
the DPWM as described below to indicate the desired pulse
width for the DPWM output or the desired change in the
pulse width of the DPWM output. The duty cycle value 15
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may take a variety of different forms. In one embodiment,
the duty cycle value 1s a number 1indicating the desired pulse
width of the DPWM output and a new value 1s provided at
regular intervals, with a frequency in the tens of megahertz.
In another embodiment, the signal indicates a desired
change. The particular features, frequency and values of the
signal may be adapted to suit any particular application.

[10026] The PWM waveform or waveforms (there may be
multiple waveforms, one per phase) 17 generated by the
DPWM 16 1s recerved as an mput to the switching circuits
18 that then generate the output drive voltage 19. The
switching circuit may apply the input to an amplifier, the
output of which 1s coupled to a gate of a switch, such as a
MOSFET (metal oxide semiconductor field eflfect transistor)
switch. The source for the switch 1s coupled to an input
voltage and the drain of the switch 1s coupled to the output
19 through an inductor. The leading edge of the PWM
wavelorm turns on the switch and the trailing edge turns ofl
the switch. The inductor and capacitor(s) evens out the
voltage transitions.

[0027] The amplifier output is also coupled to the gate of
another MOSFET switch that 1s coupled to at its source to
the drain of the first switch before the inductor and at its
drain to ground (not shown) and to the voltage output
through a capacitor. As a result, the second switch sources
current to the imnductor through the capacitor from the ground
The inductor pulls current through the ground when the
switches are ofl. (This typically happens when the LS switch
1s on and the HS switch 1s off). The mput voltage may be
from about 2 to 20V (or any other voltage higher than the
desired output voltage) and the output voltage depends upon
the duty cycle of the PWM wavetorm. The greater the duty
cycle, the higher the voltage. The output voltage 1s propor-
tional to the inductance and the rate of change of the current
and the particular values for all of the components may be
selected to match any particular application. Each of the
switching circuits may have the same or different values.

10028] The digital pulse width modulator and its pulse
width modulated output may be understood by reference to
a corresponding analog circuit as shown 1n FIGS. 2, 3, and
4. An analog PWM may combine a compensator output with
an appropriate triangular waveform to generate a PWM
wavelorm for the phases.

[10029] Trailing-edge pulse width modulation (TEM) may
be accomplished 1n an analog controller by using a sawtooth
wavelorm with a fast rising edge and a ramp falling edge.
This 1s shown 1n FIG. 2 as the sawtooth wavetform 22. The
output of a compensator 24 rises and falls and the two curves
are combined 1n a comparator to produce trailing-edge
modulated pulses 26 shown 1n the same timeline. The arrows
28 below the TEM wavetorm indicate the rising edge for
cach pulse and show that these occur at fixed points in time.
The trailing edges modulate 1n time, that 1s, they occur at
different points 1n time, depending on the compensator
output waveform.

[0030] ILeading-edge modulation (LEM) 1s shown in the
diagram of FIG. 3. In FIG. 3, the sawtooth wavetorm 32 has
a ramp rising edge and a fast falling edge. The compensator
output 34 1s combined with this waveform 1n a comparator
to produce leading-edge modulated pulses 36. The arrows 38
below the LEM wavelorm 36 are aligned with the trailing
edges to show that they occur at fixed points in time while
the rising edges modulate 1n time.
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[0031] FIG. 4 shows an example of dual-edge modulation
(DEM). In this case, in an analog controller, a triangular
wavelorm 42 1s used instead of the sawtooth wavetform of
FIGS. 2 and 3. This wavelorm has a ramp rising edge and
a ramp falling edge. The wavetorm 42 of FIG. 4 has the
same rising and falling rate, however, this may be adjusted
to suit any particular application. As the output of the
compensator 44 rises and falls, the comparator produces
dual-edge modulated pulses 46. The center of the DEM
pulses 1n this example occur at fixed points 1n time as shown
by the arrows 48 below the DEM output. The arrows are not
necessarily exactly in the center of each pulse to the extent
that the compensator output can change during the pulse as
can be seen 1n the fourth arrow, as an example. The leading
and trailing edges both modulate in time. For slowly chang-
ing compensator outputs, 50% of the change may be added
to the leading edge, and 50% of the change may be added to
the trailing edge.

10032] The PWM waveform will be changed by the com-
pensator output when either the output voltage from the
connected voltage regulator 1s too low or too high. When the
voltage 1s too low, then the pulse width 1s increased to
compensate and energy 1s added to the output filter of the
voltage regulator. When the output voltage 1s too high, then
the duty cycle of the PWM waveform may be reduced to
compensate.

[0033] The fastest way to increase the duty cycle of the
PWM wavetlorm 1s to turn on the next phase sooner (or leave
the existing phase on longer, 1f a phase already happens to
be on). This 1s done with leading edge modulation. Since
with TEM a phase may only be turned on at fixed times, the
next phase cannot be turned on sooner. There are only fixed
times to turn on the phase of the PWM pulse and the duration
of the pulse cycle, 1.e. the time interval from the start of one
pulse to another indicated by the arrows 1n FIG. 2, 1s fixed.
This fixed pulse cycle may amount to a long delay between
when a duty cycle increase 1s called for and when the PWM
wavelorm can respond.

10034] Conversely, when the output voltage is too high
and the energy being added to the output filter needs to be
stopped to compensate, the fastest way to do this 1s to turn
ofl the pulse or shorten the pulse width. This 1s done with
trailing edge modulation. Since the pulse 1n LEM always
ends at the same time as shown 1n the arrows of FIG. 3, the
pulse width 1n a LEM wavetform cannot be changed until the
next pulse cycle.

[0035] Due to the consistent regular start time, leading
edge modulation may be better for controlling undershoots
(droops) 1n the supplied voltage. Sitmilarly due to the con-
sistent regular end time, trailing edge modulation may be
better for controlling overshoots in the supplied voltage. By
combining these mto a dual edge modulation system, the
response to both situations may be improved.

[0036] If a duty cycle increase in the PWM waveform is
called for, 1t may be done through leading edge modulation,
and 1f a duty cycle decrease in the PWM waveform 1s called
for, 1t may be done through trailing-edge modulation. When
this 1s done, PWM waveform edges only move earlier in
time, or to the leit as shown in FI1G. 4. As a result, the pulses
tend to move slowly to the left.

[0037] With a digital pulse width modulator, a variety of
different approaches may be used to adjust the leading and
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trailing edges of the modulated pulse independently of each
other. In one approach, the sign of the duty cycle 1s moni-
tored, or determined to determine which edge to modulate.
Duty cycle increases move the PWM leading edge earlier in
time, and duty cycle decreases move the PWM trailing edge
earlier 1n time.

[0038] In this approach the change in the duty cycle is
computed for each new duty cycle sample produced by the
digital compensator 14. The next leading edge of the PWM
wavelorm 1s pulled in or moved to an earlier time for duty
cycle increases. This increases the pulse width. The next
trailing edge 1s pulled 1n, or moved to an earlier time for duty
cycle decreases. This decreases the pulse width.

[0039] By only moving the edges in one direction, the
leading edge {for increases and the trailling edge {for
decreases, there will always be a gap between pulses. This
may be desired to protect the voltage supply circuitry 18. IT
a duty cycle increase 1s requested after a pulse has already
begun, then the only way to widen that pulse 1s to push out
the trailing edge. If the next pulse 1s to be still wider, then
the next pulse will also have a leading edge that will be
pulled 1n. The combination of pushing out the trailing edge
of the present pulse and pulling in the leading edge of the
next pulse could cause the edges to collide. In an extreme
case the two pulses could become one for an effective pulse
width of up to 200%. This very wide pulse width might
cause the inductor current to be saturated in some 1mple-
mentations, leading to mstability 1n the control loop, among
other problems. Waiting until the next leading edge before
increasing the duty cycle and then only moving leading
edges to increase the duty cycle prevents the collision.

[0040] The same approach may also be employed in
reverse and still avoid collisions. So, for example, the
change 1n the duty cycle 1s still computed for each new duty
cycle sample produced by the digital compensator 14. For
duty cycle increases, however, the next trailing edge of the
PWM wavetorm is pushed out or moved to a later time. This
increases the pulse width. Conversely, for duty cycle
decreases, the next leading edge 1s pushed out, or moved to
a later time to decrease the pulse width. Such an approach
also avoids collisions between leading and trailing edges.
However, the pulses will tend to retreat 1in time rather than
advance. This slows the speed of the PWM wavelorm
response to changes in duty cycles. However, a slower

response may be desired for some implementations.

[0041] FIG. 5 shows an example DPWM that may be used
to 1mplement the first approach in which a duty cycle
increase 1s accomplished by moving the leading edge and a
duty cycle decrease 1s accomplished by moving the trailing
edge. In FIG. 5, the duty cycle mput 135 1s received on the
lett side of the DPWM 16 and the DPWM generates a PWM
output 17 on the right side. A single PWM generator 50 1s
shown. Such a generator will be present for each of the
phases of the voltage generator. In FIG. 1, there are n
generators 18-1, 18-2, . . . 18-n. The number of phases 50 1s
designed so that each generator 18 receives a PWM output.
The outputs are typically staggered in phase so that each
generator 1s contributing to the total current at a different
time, at least 1 part. This tends to generate a smoother
supply of power 11 to the IC.

[0042] In the example of FIG. 5, the duty cycle input 15
1s applied to a D flip-flop 56 which saves the value of the
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duty cycle mput until 1t 1s updated with the next duty cycle
value. The first D flip-tlop applies that value then to a second
D tlip-flop so that the two flip-flops carry the current duty
cycle value and the previous duty cycle value. The two
values are applied to a subtractor 60 to determine the
difference between the two values. This difference 1s then
applied to another subtractor to determine whether the
change 1n the duty cycle 1s an increase or a decrease. The
Start TimeRegister 1s then updated or not, depending on the
result from the subtractor.

[0043] 'To generate the PWM waveform, a start time and
a width for the pulse are generated. Both are generated by a
third D flip-flop 70 for the pulse. It does so by responding
to the start and end times determined by upstream compara-
tors. The start time 1s determined by the Start or StartNow
comparator (74 or 78), and the end time 1s determined by
comparator 68 A system clock 72 1s applied to a master
counter. The master counter counts up to a selected number
and then starts over again. The current value of the master
counter 1s applied to a comparator and when the value of the

master counter matches the value of a start time register 34,
then an output 1s asserted through an OR gate 76 to start the

pulse from the third D tlip-tlop 70.

10044] In a multiple phase DPWM, there will be a differ-

ent start time register for each phase. The start time register
values are selected so that each phase and therefore each
power generator starts at a different time. If there are five
phases, then the master counter might count to 10,000 and
cach start time register be 1nitiated with a values that are
evenly spaced apart, such as 2,000, 4,000, 6,000, 8,000,
10,000. If there were four phases, then the master counter

might count to 12,000 and each start time register may be
initialized with values of 3,000, 6,000, 9,000, and 12,000.

10045] The selection of values for all of the registers will
determine the frequency pulses and may be selected based
on the frequency of the input system clock, the electrical
characteristics of the connected phases and a variety of other
factors. In one embodiment, the mput system clock 1s 1n
(1gahertz, the master counter counts to about 10,000, so that
the frequency of the pulses 1s 1n hundreds of Kilohertz and
the duty cycle 1s updated 1n tens of megahertz.

[0046] As mentioned above, the difference between the
current 56 and previous 58 duty cycle 1s determined 1n a first
subtractor 60. If the difference 1s greater than or equal to
zero, 1n other words 1f the duty cycle 1s 1increased, then the
difference 1s subtracted from the start time register value 1n
another subtractor 62. The result 1s applied as a new start
time register value. If the difference 1n the first subractor 1s
less than zero because the duty cycle has decreased, then the
start time register may not be changed. As a result for a duty
cycle increase, the start time register value will be reduced.
This will cause the pulse to be started at an earlier master
counter 52 value. In other words, the leading edge of the
pulse will be pulled 1n.

[0047] In the present example, the duty cycle value is
updated around 100 times for each pulse, that 1s the duty
cycle 1s updated 1n tens of Megahertz, e¢.g. 66 MHz and a
new pulse 1s started 1n 100°s of Kilohertz. For a 3.6 GHz
clock and a 12,000 count master counter, a pulse will fire 1n
cach phase at a rate of 300 KHz. As a result, 1t can happen
that when the value 1n the start time register 1s reduced by
the subtractor 62, it may be reduced from a value that 1s
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more than the the master counter to a value that 1s less than
the master counter. This will prevent a pulse from starting
during that cycle of the master counter. As an example, 1f the
start time counter 1s set to 6,000 and when the master counter
1s at 5900, the start time counter 1s reset to 5800, then the
master counter will continue to count up, but will not
coincide with the start time counter value, until 1t reaches
12,000 and repeats the count. The comparator 74 will not
send an enable until the next cycle.

[0048] To accommodate this situation, an additional com-
parator 78 compares the master counter value to the start
time register value. When the master counter value 1s greater
than the start time register value, this comparator sends a
start now signal to the OR gate 76. The OR gate will pass
this signal to the D flip-flop to start the next pulse. The D-flip
flop will not start two pulses 11 1t receives a start from both
comparator inputs 74, 78, because after 1t receives the first
pulse, 1t must be reset before 1t will start another. The reset
comes Ifrom the trailing edge which 1s determined 1n a
separate process.

[0049] For the trailing edge, the duty cycle value 58 is
applied directly to a main register 64. The duty cycle value
in this example 1s 1n terms of the number of system clock
counts that a pulse should last. In other words, the desired
pulse width 1s expressed 1n a number of system clock counts.
The main register value 1s applied through a switch 80 to a
comparator 68. The other mput to the comparator 1s a
counter 66. When the pulse starts on line 17, the counter
begins counting. When the count reaches the duty cycle
value, then the comparator 68 sends a reset signal to the third
D thip-tflop which then turns off the pulse. The reset signal
defines the trailing edge of the pulse. The trailing edge will
accordingly be advanced or delayed if the duty cycle
changes at anytime during the pulse. This provides a very
fast response to duty cycle value changes during the high
stage of the duty cycle of the PWM output. Alternatively, a
delay of the trailing edges may be prevented to avoid letting
the pulse become wider using additional circuitry (not
shown).

[0050] Due to the high update frequency of the duty cycle
value, the comparator sends a reset signal when the counter
reaches the main register value and also if the counter
exceeds the main register value. This ensures that 11 the duty
cycle value 1s reduced to less than the current counter value,
the reset signal will be fired immediately. Consider if the
main register value 1s i1mtially 350. When the counter
reaches 340, the main register value 1s reduced to 330. The
two values will never be equal, but the comparator will
generate the reset signal because the counter value 1s greater
than the main register value.

[0051] FIG. 5 also shows an alternate register 82 coupled
through the switch 80 to the comparator. The switch 1s
activated by the start now signal from the greater than
comparator 78. When the master counter 52 value 1s greater
than start time register 54 value the switch 80 1s flipped to
connect the alternate register 82 to the trailing edge com-
parator 68.

[0052] An additional subtractor 76 adds the current start
time register 54 value to the previous duty cycle value 38
and subtracts the master counter value. This 1s the value 1n
the alternate register 82. In eflect, the alternate register
advances the trailing edge by the advance of the leading
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edge. This prevents changes in the start time register from
iappropriately changing the duty cycle through unintended
movements of the trailing edge.

[0053] This approach may have some noise sensitivity in
some 1mplementations. The second approach reduces that
noise sensitivity. A DPWM for implementing the second
approach 1s shown 1n FIG. 6. In the example of FIG. 6, there
1s a global timing block 90 and a timing block 92 for each
of five phases 92-1,92-2,92-3,92-4, 92-5. While five phases
are shown, as mentioned above, any number of phases may
be used depending upon the needs of the IC and the design
of the phases. The timing block for each phase may be
similar to the one shown. The global timing block generates
a FireNextPhase (called FireNextPhase) signal 96 that is
applied to a shift register 94. The shift register applies the
FireNextPhase signal to each phase in turn to activate the
corresponding phase timing block. The shiit register may
simple cycle through the phase in order, or 1t may use a more
complex process to determine which phase to activate with
cach FireNextPhase signal.

[0054] The pulses are generated by a set-reset flip-flop 98
that 1s coupled to the PWM output 17. When the FireNex-
tPhase signal 1s asserted to the phase timing block 92, it 1s
asserted directly to the pulse driver flip-flop 98 to start the
pulse. The assertion of the FireNextPhase signal accordingly
starts the pulse’s leading edge. The FireNextPhase signal 1s
also applied to a counter 100 to determine the trailing edge.
The counter 1s reset and delivers a count to a comparator
102. When the count exceeds the other mput to the com-
parator, then the counter asserts a high output, reversed to a
low output 1n an inverter 104 that then 1s applied to the reset
pin of the pulse output block of the tlip-tlop. This turns off
the pulse, mitiating the trailing edge.

[0055] As in the previous example of FIG. 5, the trailing
edge comes when the counter value 1s equal to the duty cycle
value. The duty cycle value 1s provided to logic block 106
that selects the lowest of the duty cycle value or a value in
a connected register 108. The selected minimum of these
two 1s the second input to the comparator 102.

[0056] The timing for the FireNextPhase signal and the
value i the connected register 108 are determined by the
global timing block. The global timing block 1s regulated by
an inter-phase time value stored 1n an input register 110. The
inter-phase time retlects the number of counts between the
firing of each phase. Using the numbers from the example of
FIG. 5, the inter-phase time may be 2,000 or 3,000 for a
complete power cycle of 12,000 clock cycle counts. The
appropriate value for the inter-phase time constant may be
selected to suit any particular application.

[0057] The inter-phase time register is coupled through a
switch 112 to a comparator 114 and an OR gate 116 to the
fire next phase line 96. When the fire next phase signal 96
1s asserted, 1t also clears a counter 118 1n the global timing
block. The counter then begins to count from zero (or one)
at the clock rate. A comparator 120 compares the counter
value to the inter-phase constant. When the counter value
exceeds the inter-phase constant, then an output 1s asserted
to the OR gate 116 and the OR gate generates the FireN-
extPhase signal. As mentioned above, without any change 1n
the duty cycle, the .FireNextPhase signal will cause a
leading edge to be generated 1n one of the phases each time
the 1nter-phase time 1s reached.
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[0058] The duty cycle input value 15 1s applied to a variety
of components to adjust the positions of the leading and
trailing edges when the duty cycle value changes. Changes
in the duty cycle are tracked through a few registers. The
duty cycle 1s applied through a switch 130 to the inputs of
two storage registers. The first register 1s the connected
register 108 for the mimimum selector 106 that initiates the
trailing edge of the output pulse. This register captures the
duty cycle value when the FireNextPhase signal 1s asserted
to the output block. Accordingly, to determine the position
of the trailing edge, the mimimum selection block 106 1n the
phase timing block, will compare the counter value 100 to
the lowest of either the current duty cycle value or the duty
cycle value when the leading edge started. If the duty cycle
value increases, then the trailing edge will not move. If the
duty cycle has decreased, then the trailing edge will be
pulled 1n.

[0059] The second registerl28 is in the global timing
block. The value of the second register 1s taken when the fire
next phase signal 96 1s asserted. Accordingly, there will be
a new value 1n the register 128 for the start of each pulse 1n
cach phase. The diflerence between this value and the
current duty cycle value 1s determined in a subtractor 122
and the difference 1s then subtracted from the inter-phase
time 110 1n another subtractor 124. This value 1s applied to
the switch 112 that as a modified inter-phase time 136.

[0060] The modified inter-phase time 136 reflects the time
between phases reduced by any change in the duty cycle.
This allows the leading edge to be advanced. A comparator
126 determines whether the stored duty cycle at the start of
the pulse 1s greater or lesser than the current duty cycle. IT
the current duty cycle has increased, then the switch 112 1s
operated to apply the modified inter-phase time to the
leading edge counter 118 instead of the inter-phase time
from the register. This will result 1n the fire next phase signal
96 being advanced.

[0061] If the change in the duty cycle is greater than the
inter-phase time, then the modified inter-phase time will be
less than zero. This corresponds to the pulse width being
changed by more than the inter-phase time and 1t applied
correctly would cause the leading edge to be advanced so far
as to come before the trailing edge of the previous pulse.
This condition may be allowed. The *“<0” comparator checks
to see 1f the interphase time 1s less than zero. In such a case,
when the inter-phase time 1s less than zero, 1t will also be
less than the counter value, no matter what the counter value
1s, so the comparator 120 would also fire. To prevent this
from occurring a comparator 114 checks for this condition.
When this condition occurs 1t immediately asserts a high
signal to the OR gate 116 that generates the fire next phase
signal 96. That causes the next pulse 1n the next phase to be
fired delivering the most amount of duty cycle possible 1n
least amount of time.

[0062] As mentioned above the global control storage
register 128 will normally contain the duty cycle value that
occurred when the pulse 1n the current phase was fired. This
provides a previous duty cycle value to compare with the
current duty cycle to determine whether to advance the
leading edge. There 1s another possible input to this register,
however. Another subtractor 132 adds the current value of
the register 128 to the inter- phase time 110 and subtracts
from that the output of the leading edge counter 118. This
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number constitutes a modified duty cycle that will be applied
to the register when the mput switch 130 1s activated. It 1s
also applied to the phase control blocks duty cycle register
108 to pull in the trailing edge.

[0063] 'The input switch 130 is activated when the current
duty cycle 1s greater than the previous duty cycle in the
register 128 as determined by a comparator, and at the same
time, the leading edge counter value 118 has exceeded the
inter-phase time 110 or the modified inter-phase time.

[0064] Consider an example in which the inter-phase
register 1s set to 3000 and the mput duty cycle 135 1s 2000 and
this 1s stored in the global control storage register 128. It the
duty cycle now changes to 2100, then A 1s greater than B at
comparator 126 and the duty cycle switch 130 will switch to
the modified duty cycle input from the subtractor 132. The
difference between the two at the duty cycle subtractor 122
will be 2100-2000=100. The next subtractor 124 will arrive
at 3000-100=2900. The modified inter-phase time 1s now
decreased to 2900 as compared to the inter-phase time, so
the leading edge of the next pulse will be advanced.

[0065] At the modified duty cycle subtractor 132, 2000+
3000-2900=2100 so that the duty cycle 1s increased from
2000 to 2100. This means that the trailing edge will stay 1n
the same place. The leading edge 1s advanced by 100 and the
duty cycle 1s increased by 100. The pulse will be 100 longer,
but the trailing edge will come at the same time.

[0066] While for the most part, the system of FIG. 6
operates 1n the same way as the system of FIG. 5, it can be
seen that 1t the duty cycle input 15 changes (and then
changes back) before the global counter 118 reaches either
the duty cycle or the modified duty cycle count, then there
will be no change to the pulse. This resolves a source of
noise that may occur in some circumstances.

[0067] The system of FIG. 6 constantly computes the
position of the leading edge, but does not commit to that
position until the leading edge 1s actually fired by the fire
next phase signal 96. In other words, a duty cycle increase
ahead of a leading edge will move the leading edge 1n, and
a following duty cycle decrease will move the leading edge
back out. Only when the leading edge 1s pulled into the
present time 1s 1t asserted. By contrast, in the example of
FIG. 5, the leading edge position 1s pulled 1n 1n response to
a duty cycle increase, and then the trailing edge 1s pulled 1n
in response to a duty cycle decrease. This moves the entire
pulse earlier in time. There 1s therefore a drift 1n the center
of the pulses as the duty cycle changes 1n between pulses.
This may not be desired for some voltage generator circuit
designs.

[0068] FIG. 7 shows the operation of the systems of FIGS.
5 and 6 when the duty cycle input 1s increased. FIG. 7 shows
a first set of four phase PWM outputs. These are identified
as P1R, P2R, P3R and P4R and represent the PWM outputs
for phases one to four, respectively, 1f there had been no
change to the duty cycle. P1M, P2M, P3M and P4M
represent the PWM outputs for the same four phases when
there 1s a change 1n response to a change in the duty cycle.
As shown 1n FIG. 7 at about time 9.4, the duty cycle value
increases from 1200 to 2400. The leading edge of phase 1
(P1M) 1s immediately advanced to increase 1ts duty cycle as
compared to the phase shown i P1R.

[0069] The leading edge at P1M was fired almost imme-
diately which 1s the maximum increase that can be made to
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the duty cycle without moving the trailing edge. With the
next pulse, which occurs 1n phase 2 (P2M), the duty cycle 1s
extended still more to achueve the entire 2400 count duty
cycle. The resulting modified pulse all show the greater duty
cycle. Since 1n FIG. 7, the duty cycle does not change again,
the pulse width does not change either.

[0070] FIG. 8 is similar to FIG. 7 except that instead the
duty cycle 1s decreased at about time 9.4 from 2400 to 1200.
The pulse at phase 1 (P1M) was already fired and so it has
been shortened as much as allowed by pulling 1n the trailing
edge. The following pulses all show a similar reduction,
since the duty cycle does not change again. In the example
of FIG. 7, the response to the duty cycle change was almost
immediate, while 1in the example of FIG. 8, the response to
the duty cycle change did not occur until the trailing edge of
the current pulse.

[0071] An even longer delay, not shown in FIGS. 7 and 8
may occur if a pulse 1s presently high when a duty cycle
increase 1s requested. The present pulse cannot be widened,
so the increase must wait until the next pulse. In the next
pulse the leading edge can be pulled 1n. However, this 1s a
much longer delay than for the example of FIG. 8. The
responsiveness of the DPWM accordingly depends on when
the change 1n duty cycle 1s requested.

[0072] In a third approach, either edge of the PWM signal
may be modulated 1n either direction. The time at which a
change 1n the duty cycle 1s received 1s used to determine
which edge to modulate. This allows an immediate response
to be generated for both an increase and a decrease in the
duty cycle.

[0073] In FIG. 9, a phase control block 150 1s provided for
cach phase of the DPWM 16. In the illustrated example there
are five 1dentical phase control blocks 150-1, 150-2, 150-3,
150-4, and 150-5 that each produce a PWM output signal 17
for application to a respective voltage generator as described
above. The number of phase control block may be modified
to suit any particular application. The phase control block 1s
activated by a FireNextPhase signal 154 applied to a shait
register or phase sequencer 152 which asserts the FireNex-

tPhase signal to the appropriate one of the five phase control
blocks.

[0074] The FireNextPhase signal 1s applied to the set input
of an S-R flip-flop 156 that assets the leading edge of the
next pulse as a result. The FireNextPhase signal 1s also
applied to the reset input of a trailing edge counter 138. The
counter applies 1ts count at the clock cycle frequency to a
comparator 160. The comparator compares the count to the
current duty cycle mput 15 and when the count reaches or
exceeds the duty cycle fires 1ts output. This 1s applied
through an 1inverter to the R mput of the S-R flip-tlop to stop
the pulse, that 1s to generate the trailing edge. It 1s also
applied to reset the counter.

[0075] The trailing edge in this example will be pulled in
or pushed out based on the current value of the duty cycle
counter. If the duty cycle 1s significantly reduced during a
pulse, then the comparator will immediately cause the
trailing edge. While this may not be enough to match the
complete reduction, 1t 1s the most that can be done, 11 a pulse
1s already high. At the same time any changes 1n between
pulses or during an early part of a pulse will not affect the
pulse. This reduces the system’s sensitivity to small
changes.
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[0076] The position of the leading edge, similar to the
example of FIG. 6 1s determined in the global control block.
The leading edge of the pulse 1s determined using an
inter-phase time taken from a settable register 162 as 1n FIG.
6. A counter 164 1s reset by FireNextPhase signal 154 and
then begins to count at the clock cycle speed. The count 1s
applied to a comparator and when 1t reaches or exceeds the
other 1mput, then the FireNextPhase signal 154 1s asserted.

[0077] The comparator’s other input is taken from a
modified inter-phase value. If the duty cycle has not
changed, then the counter 1s compared to the inter-phase
value and the leading edge will occur at a regular interval as
determined by the inter-phase time value.

[0078] Each time the FireNextPhase signal is asserted, a
register 172 will capture the current duty cycle value. In the
example above, the duty cycle may be changed 100 times or
more faster than the pulses are fired. As the duty cycle
changes and the counter 164 counts, the current duty cycle
will be compared to the stored duty cycle in a subtractor 170.
The difference will be subtracted from the inter-phase value
in another subtractor 168 and this modified iter-phase value
1s the value that 1s provided to the comparator 166 that fires
the FireNextPhase signal.

[0079] As a result, if the duty cycle has increased, then the
modified inter-phase value supplied to the comparator will
be reduced and the pulse will fire sooner. On the other hand,
if the duty cycle has decreased, then the modified inter-phase
value will increase and the pulse will fire later. The effect of
this may be increased by applying a gain factor 174 to the
difference between the current and last fired duty cycle 1n a
multiplier 176. While the gain factor will increase the
response to changes for purposes of moving the leading
edge. It will not change the width of the pulse because of the
counter 158 1n the phase control block.

[0080] In the example of FIG. 9, both the leading edge and

the trailing edge may be moved in either direction and
independently of each other 1n response to the current value
of the duty cycle mput. This provides a quick response 1n a
wide range of circumstances. There 1s some risk of leading,
and trailing edges colliding and this can be accommodated
in a variety of different ways. In one example, the phase
sequencer may select a phase for which there will be no
collision. In another example, the range of movement of the
edges may be constrained to avoid such a collision. In
another example, the voltage generator electronics may be
modified to operate even with a 100% duty cycle.

[0081] As a result, if the duty cycle has increased, then the
modified inter-phase value supplied to the comparator will
be reduced and the pulse will fire sooner. On the other hand,
if the duty cycle has decreased, then the modified inter-phase
value will increase and the pulse will fire later. The effect of
this may be increased by applying the gain factor 174 to the
difference between the current duty cycle and duty cycle for
the last fired pulse 1n a multiplier 176. The gain factor will
increase the amount of movement of the leading edge that
occurs 1n response to changes in the duty cycle. However,
the gain factor will not change the width of the pulse because
of the counter 158 1n the phase control block. Thus, gain
tactor 174 and multiplier 176 implement a gain function that
1s specific only to the leading edge. In some embodiments
modulating the leading edge may have a much smaller
current step than an equivalent modulation of the trailing
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edge. In other words, when the PWM output wave 1s applied
to a phase, the change 1n the current supplied to the 1C will
be greater for changes 1n the leading edge of a pulse in the
PWM wavetorm, than for changes in the trailing edge of a
pulse of the PWM waveform. The leading edge gain func-
tion provided by the gain factor 174 and the multiplier 176
provides a way to correct for this unequal current response.
For some applications a leading edge gain factor a power of
two (for example an eightfold gain) provides good results.
The multiplier 176 may be implemented using a simple shiit
function.

10082] FIG. 10 shows an example of pulse width modu-
lated waveforms generated by the system of FIG. 9. The
format of the figures 1s similar to that of FIGS. 7 and 8. In
the example of FIG. 10, the duty cycle input was doubled
from 1200 to 2400 at a time of about 9.4. This was after the
P1 pulse so the P2 pulse (P2M) was widened from 1200
clocks to 2400 clocks.

[0083] It was widened by first pulling the leading edge in
as much as possible, and then pushing out the trailing edge
for the remainder of the widening. In other words, after the
start of the pulse the trailing edge counter pushed out the
trailing edge until the count reached 2400. Subsequent
pulses were then timed off the leading edge of the first
widened pulse. As shown in FIG. 10, all of the modified
pulses are wider and they are centered about the same
position as the reference pulses.

[0084] FIG. 11 shows the operation of the third system

when the duty cycle 1s cut 1n half at about time 9.4. As shown
in the diagram, the P3 pulse (P3M) 1s being shortened from
2400 clocks to 1200 clocks. The change i duty cycle
occurred after the P3 pulse was asserted, so the leading edge
was unaflected but the trailing edge counter had not yet
reached 1200 clocks. As a result, the pulse was shortened to
1200 clocks. The pulses that follow all show the same
shortening but are evenly distributed about the same cen-
terlines as the reference pulses.

[0085] A computer system 200 representing an example of
a system upon which features of the present invention may
be implemented 1s shown 1n FIG. 12. The IC, the voltage
regulator and the other equipment described above may be
operated on this architecture. The computer system 200
includes a bus or other communication means 201 for
communicating information, and a processing means such as
a microprocessor 202 coupled with the bus 201 for process-
ing information. The microprocessor 1s coupled to a voltage
regulator 203 to send the PWMin signal 17 and receive a
Vout signal 19. The integrated controller 10 of FIG. 1 15 a
part of the microprocessor and 1s not shown separately. A
power supply 205 provides power to the voltage regulator
from which the Vout mput to the microprocessor may be
generated. As mentioned above, the integrated controller
may be integrated on the microprocessor as shown or
provided as separate component or integrated with the
voltage regulator. Similarly, the voltage regulator may be
provided as a separate component, as shown, or integrated
with the microprocessor.

[0086] The computer system 200 further includes a main
memory 204, such as a random access memory (RAM) or
other dynamic data storage device, coupled to the bus 201
for storing information and instructions to be executed by
the processor 202. The main memory also may be used for
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storing temporary variables or other itermediate informa-
tion during execution of 1nstructions by the processor.

[0087] The computer system may also include a nonvola-
tile memory 206, such as a read only memory (ROM) or
other static data storage device coupled to the bus for storing
static information and 1nstructions for the processor. A mass
memory 207 such as a magnetic disk or optical disc and its
corresponding drive may also be coupled to the bus of the
computer system for storing information and instructions.

|0088] The computer system can also be coupled via the
bus to a display device or momtor 221, such as a Liquid
Crystal Display (LCD), for displaying information to a user.
For example, graphical and textual indications of installation
status, operations status and other information may be
presented to the user on the display device. Typically, an
alphanumeric input device 222, such as a keyboard with
alphanumeric, function and other keys, may be coupled to
the bus for communicating information and command selec-
tions to the processor. A cursor control mput device 223,
such as a mouse, a trackball, or cursor direction keys can be
coupled to the bus for communicating direction information
and command selections to the processor and to control
cursor movement on the display 221.

[0089] A communication device 225 1s also coupled to the
bus 201. The communication device 225 may include a
modem, a network interface card, or other well known
interface devices, such as those used for coupling to Ether-
net, token ring, or other types of physical attachment for
purposes of providing a communication link to support a
local or wide area network (LAN or WAN), for example. In
this manner, the computer system may also be coupled to a
number of clients or servers via a conventional network
infrastructure, including an intranet or the Internet, for
example.

[0090] A lesser or more equipped computer system than
the example described above may be preferred for certain
implementations. Therefore, the configuration of the exem-
plary computer system 100 will vary from implementation
to implementation depending upon numerous factors, such
as price constraints, performance requirements, technologi-
cal improvements, or other circumstances. In addition, the
voltage regulator may be coupled to other components, in
addition to or instead of the microprocessor.

[0091] A lesser or more complicated pulse width modu-
lator, integrated controller, voltage regulator and control
loop may be used than those shown and described herein.
Therefore, the configurations may vary from implementa-
tion to implementation depending upon numerous factors,
such as price constraints, performance requirements, tech-
nological improvements, or other circumstances. Embodi-
ments of the mnvention may also be applied to other types of
systems that use sensor, power supply and control loop
systems than those shown and described herein.

10092] Embodiments of the present invention may be
provided as a microcode, firmware, embedded 1nstructions,
or a computer program product which may include a
machine-readable medium having stored thereon instruc-
tions which may be used to program a general purpose
processor, embedded processor or application specific
device (or other electronic devices) to perform a process
according to the present invention. The machine-readable
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medium may include, but 1s not limited to, floppy diskettes,
optical disks, CD-ROMs, and magneto-optical disks,
ROMs, RAMs, EPROMs, EEPROMs, magnet or optical
cards, flash memory, or other type of media/machine-read-
able medium swtable for storing electronic instructions.
Moreover, the present invention may also be downloaded as
a computer program product, wherein the program may be
transferred from a remote computer to a requesting com-
puter by way of data signals embodied 1n a carrier wave or
other propagation medium via a communication link (e.g., a
modem or network connection).

[0093] Many of the methods and apparatus are described
in their most basic form but steps may be added to or deleted
from any of the methods and components may be added or
subtracted from any of the described apparatus without
departing from the basic scope of the present invention. It
will be apparent to those skilled 1n the art that many further
modifications and adaptations may be made. The particular
embodiments are not provided to limit the invention but to
illustrate 1t. The scope of the present invention 1s not to be
determined by the specific examples provided above but
only by the claims below.

What 1s claimed 1s:
1. A method comprising:

recerving a first digital duty cycle value from a voltage
controller;

generating a pulse width modulated waveform 1n response
to the first duty cycle value, the waveform comprising
a plurality of pulses with a modulated width;

applying the wavelorm to a voltage generator to generate

a supply of power at a voltage determined by the duty
cycle of the waveform;

recerving a second digital duty cycle value from the
controller:;

advancing the leading edge of a subsequent pulse of the
wavetorm 1f the second digital duty cycle value 1is
greater than the first digital duty cycle; and

advancing the trailing edge of the subsequent pulse of the
wavelorm 11 the second digital duty cycle value 1s less
than the first digital duty cycle value.

2. The method of claim 1, further comprising;:

delaying the trailing edge of a current pulse of the
wavelorm 1f the second digital duty cycle value 1s
received during the current pulse and the second digital
duty cycle 1s greater than the first digital duty cycle.

3. The method of claim 1, further comprising:

delaying the leading edge of a subsequent pulse of a
subsequent pulse of the wavetorm 11 the second digital
duty cycle value 1s less than the first digital duty cycle
and the second digital duty cycle 1s received before the
start of the subsequent pulse.

4. The method of claim 1, wherein advancing the leading
edge of a subsequent pulse of the wavelorm comprise
triggering the leading edge upon receipt of the second digital
duty cycle.

5. An apparatus comprising:

a leading edge counter to determine a start time of a pulse
of a pulse width modulated waveform, the wavetform
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being applied to a digital voltage generator to supply
power to an integrated circuit;

a comparator to advance the start time determined by the
counter 1n the event of an increase in a duty cycle
command;

a trailing edge counter to determine an end time of a pulse

based on the duty cycle command.

6. The apparatus of claim 3, further comprising a sub-
tractor to decrease the count of the trailing edge counter to
compensate for the advance in the start time from the
comparator.

7. The apparatus of claim 3, further comprising a switch
to modily the count of the trailing edge counter if the duty
cycle command changes after the start of the pulse.

8. The apparatus of claim 5, further comprising a sub-
tractor to compare a new duty cycle command to a previous
duty cycle command and a comparator to advance the start
time 11 the duty cycle command 1s increased and to maintain
the start time 1f the duty cycle 1s decreased.

9. The apparatus of claim 5, wherein the leading edge
counter comprises a master counter, a start time register, and
a comparator, the master counter being compared in the
comparator to the start time register to determine a regular
start time for the leading edge of a sequence of pulses.

10. A computer system comprising;:

a power supply;

a voltage regulator coupled to the power supply to receive
a direct current voltage and to generate a regulated

voltage from the received voltage;

a microprocessor to receive the regulated voltage to
power the microprocessor, the microprocessor having
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an integrated controller to sense the voltage of the
regulated voltage, to generate a compensation signal 1n
response to the sensed voltage and to generate a digital
pulse width modulated waveform 1 a digital pulse
width modulator to apply to the voltage regulator to
adjust the regulated voltage, the pulse width modulated
wavelorm being generated using a leading edge counter
to determine a start time of a pulse of the pulse width
modulated waveform, a comparator to advance the start
time determined by the counter in the event of an
increase 1 compensation signal, and a trailing edge
counter to determine an end time of a pulse based on
the compensation signal.

11. The system of claim 10, wherein the voltage regulator
comprises a plurality of phases each to independently gen-
erate a regulated voltage to apply to the microprocessor and
wherein the digital pulse width modulator comprises a
plurality of trailing edge counters to independently produce
a pulse width modulated waveform for each of the voltage
regulator phase based on the compensation signal.

12. The system of claim 10, wherein the digital pulse
width modulator further comprises a register to store a copy
of the compensation signal at the leading edge of a pulse and
a comparator to compare the compensation signal after the
leading edge of the pulse and to advance the trailing edge of
the pulse 1f the compensation signal 1s reduced.

13. The system of claim 10, wherein the digital pulse
width modulator further comprises a subtractor to compare
a current compensation signal to a previous compensation
signal and a comparator to advance the leading edge of the
pulse 11 the compensation signal 1s 1ncreased.
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